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ARTICLE INFO ABSTRACT 


The scale behavior of TizAIC coating at 750 °C in air and pure water vapor was investigated. A four-layered scale, a 
thick TiO and Al,03 mix oxide outer layer, followed by a thin a-(Al, Cr)203 sublayer, a thick Fe203 and TiO, mix 
oxide mid-layer and a thin Al203-rich oxide inner layer in sequence, developed on the TiAIC coatings in air. 
Whereas internal oxidation occurred, no distinct oxide scale formed on the Ti2AIC coating in the case of the 
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oxidation in pure water vapor. The Ti2AIC coating improved the oxidation resistance of 316LSS in air, especially 


1. Introduction 


MAX phases are a group of nanolaminated materials, where M is an 
early transition metal, A an A-group element, and X either C or N [1]. 
This group of materials possess unique properties, such as high electri- 
cal and thermal conductivity, good machinability, excellent thermal 
shock resistance and damage tolerance, high elastic modules, high tem- 
perature strength, superior oxidation and corrosion resistances [2,3]. As 
one member of MAX phases, TizAIC was attractive for high temperature 
structural applications. The high temperature oxidation behaviors 
of bulk TizAIC have received great attention in the past decade [4-10]. 
At high temperature in dry air and water vapor a discontinuous TiO 
outer layer and a continuous protective Al,O3-rich sub-layer form on 
the bulk TizAIC, suggesting that Ti2AlC exhibits excellent oxidation 
resistance. In contrast, TiAl with higher Al content could not form a 
protective Al203 scale during oxidation [4-10]. 

Therefore, Ti2AIC phase is expected to be one of the promising mate- 
rials for high temperature corrosion protective coating applications. 
TizAIC coating has been successfully prepared by numerous physical 
vapor deposition (PVD) processes [11-17] and high velocity oxy-fuel 
spray [18]. Thereafter, the oxidation behaviors of TiAlC coating at 
high temperature in dry air were investigated [15-17]. The scale on 
the surface of TizAIC coating by PVD consisted of a TiO2-rich layer, 
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Al,03-rich layer, and a TiO + Al,O3 mixed layer in sequence at 800- 
900 °C in dry air. For TiAIC coating deposited by high velocity oxy-fuel 
spray technique there exist TiC and Ti3AIC phases in the TiAIC which 
produce a discontinuous alumina, hence, decreasing its oxidation resis- 
tance [18]. Thus, the phase purity and microstructure have great influ- 
ence on oxidation behavior of TizAIC coating. 

In addition, pure water vapor is a typical environmental condition in 
many energy related systems such as coal-fired power plant and nuclear 
power plant. Water vapor slightly accelerated the oxidation of Ti2AIC 
due to the enhanced mass transportation process through the increased 
oxygen vacancy [8,9], while the influence of the presence of water vapor 
on the oxidation of TizAIC coating is still unclear. Up to now, few works 
has focused on the oxidation behavior of TizAIC coating at high temper- 
ature in pure water vapor. 

In the present work, the oxidation behavior of the TizAlIC MAX 
phase coating, prepared on austenitic stainless steel by DC magnetron 
sputtering deposition and annealed, was investigated at 750 °C in 
dry air and pure water vapor, respectively. The scaling behavior was 
discussed based on the phase formation and microstructure evolution 
of the Ti,AIC coating. 


2. Experimental 


Type 316 L austenitic stainless steels (316LSS) were used as the 
substrates alloy for the present work, with the nominal composition of 
316LSS given as follows: Fe, bal; Cr, 16.0-18.0; Ni, 10.0-14.0; Mo, 2.0- 
3.0; C < 0.03; Mn < 2.00; Si < 1.00; P < 0.045; S < 0.03. The steel plates 
were cut into specimens with the size of 15 mm x 10 mm x 2 mm, 
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followed by grinding with 1000-grit SiC paper, and degreasing with 
acetone. The Ti-Al-C coating was deposited on the substrate by reactive 
DC magnetron sputtering with compound TisoAlso (at.%) target (400 x 
100 x 10 mm?) in Ar/CH, atmosphere with CH, as the reactive gas. 
The sputtering parameters were as follows: background vacuum 
4.6 x 107? Pa; argon pressure 0.5 Pa; power 1.6 kW; room temperature; 
and sputtering time 10 h. Annealing treatment of the as-deposited 
coating was conducted at 800 °C in vacuum for 1 h to form the TizAIC 
MAX phase. The details of the coating preparation can be found in our 
previous work [19]. 

The oxidation of the uncoated and coated 316LSS was isothermally 
conducted at 750 °C, which is a typical working temperature of next 
generation coal-fired power plant and nuclear power plant, in air and 
pure water vapor for 200 h, respectively. The air oxidation was carried 
out in static air. The pure water vapor oxidation was conducted in 
a high temperature tube furnace with a quartz tube as the reaction 
chamber. Ultrapure water with 5-7 mg/L dissolved oxygen content 
was pumped into the 400 °C preheated device to produce pure water 
vapor, which then flows into the reaction chamber. The pure water 
vapor flow rate was controlled to be 100-120 ml/s. The pressure of 
the pure water vapor was 0.1 MPa. 

X-ray diffraction (XRD) using a Bruker D8 diffractometer with Cu K, 
radiation source was employed to characterize the phase formation. The 
surface and cross-sections of the samples were also examined by a FEI 
Inspect FSEM equipped with an Oxford energy dispersive X-ray (EDX) 
microanalysis. 


3. Results and discussion 


The Ti2AlC MAX phase coating is mainly composed of TizAIC phase 
with small amount of Ti3AIC antiperovskite phase (Fig. 1a). Fig. 1b and 
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c shows the surface morphology and cross-sectional morphologies of 
the Ti2AIC coating. Due to the mismatch of thermal expansion coeffi- 
cient between the TizAIC phase and 316LSS, some through-cracks 
formed in the Ti AlC coatings. An Al-rich diffusion layer was also 
observed at the coating/substrate interface. 

XRD analysis (Fig. 2a) reveals that 316LSS after oxidation at 750 °C 
in air for 200 h consisted of only Fe-rich (Cr,Fe)203. Fig. 2b and c 
shows the surface and cross-sectional morphologies of 316LSS after 
oxidation at 750 °C in air for 200 h. The steel oxidation in air formed 
a uniform scale mainly composed of Fe-rich oxides. Cross-sectional 
morphology showed that the thin Fe-rich scale was porous with poor 
adhesion to the substrate. 

XRD analysis (Fig. 3a) indicates that the scale formed on the Ti2AIC 
coating after oxidation at 750 °C in air for 200 h is mainly composed 
of a-(Al,Cr)203, 6-Al,03 and rutile TiO}. The surface morphology of the 
TizAIC coating after oxidation at 750 °C in air for 200 h (Fig. 3b) showed 
clearly that the through-cracks present in the as-prepared coatings have 
been filled with Ti-rich oxides. However, no spallation was observed. 
The cross-sectional morphologies of TizAIC coating after oxidation at 
750 °C in air for 200 h showed that the scale exhibited a four-layered 
microstructure, a thick TiO and Al,03 mix oxide outer layer, followed 
by a thin a-(Al,Cr)203 sublayer, a thick Fe,03 and TiOz mix oxide mid- 
layer and a thin Al203-rich oxide inner layer in sequence (Fig. 3c 
and d). No micropores or cracks were found at the Al,03-rich oxide 
layer/substrate interface. Fig. 3e shows the corresponding EDX line 
scanned along the black line in Fig. 3d. EDX analysis indicated that 
the shape of the Cr curve agrees with that of Al curve. It is strongly con- 
firmed that the sublayer is a-(Al,Cr)203. An Al-rich layer was detected 
at the coating/substrate interface, while an Al-depleted zone formed 
next to the coating/substrate interface. Beneath the Al-depleted zone, 
large amounts of Al-rich phase precipitation could be observed. 
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Fig. 1. XRD pattern (a), surface morphology (b) and cross-sectional morphologies (c) of the TizAIC coating. 
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i At the beginning of oxidation, both TiOz and Al,03 could simulta- 
neously form on the surface of the Ti2AlC coating. The kinetics of the 
== formation of TiO is much faster than Al2O0; at low temperature and 
high oxygen partial pressure. Therefore the growth of TiO, layer is pre- 
a] ferred. With the increasing of oxidation time, a continuous TiO; and 
Al,03 mix oxide outer layer formed on the surface of the coating. As 
a= a result, the oxygen partial pressure at oxide layer/unreacted coating 
© interface decreased. Once the oxygen partial pressure was lower than 
©) the TiO» equilibrium pressure, the TiO2 would stop growing. Neverthe- 
less, the oxygen equilibrium pressure of Al203 is lower than TiO2. Mean- 
while, Al atoms in the TizAIC phase have a higher diffusion activity than 
that of Ti atoms [20,21], which is high enough to promote the oxidation 
of Al. In addition, the interdiffusion between the coating and substrate 
was unavoidable, and then Fe and Cr from substrate were diffused 
into the coating. As a result, a Cr solid solution a-(Al,Cr)203 sublayer 
formed at the TiO} and Al,03 mix oxide layer/unreacted coating inter- 
face. Based on the above descriptions, the Ti2AIC coating exhibits similar 
scaling behaviors with their bulk counterpart as reported by previous 
investigation [4,5]. Unfortunately, the Ti-rich oxides, which formed in 
the through-cracks presented in the as-prepared coatings, acted as a 
short-circuit diffusion path for the inward diffusion of oxygen. So the 
unreacted coating beneath the a-(Al,Cr)203 sublayer would oxidize 
and form a thick Fe203 and TiO mix oxide mid layer. Furthermore, 
the lower oxygen partial pressure and the higher Al diffusion activity 
would promote the formation of a continuous Al,03-rich oxide layer 
at the original coating/substrate interface. Finally, a four-layered micro- 
structure scale, which possesses an excellent protectiveness to the 
substrate alloy, formed on the Ti,AIC coating. 
Water vapor is a typical environmental condition in many energy 
related systems, and usually water vapor will aggravate the oxidation 
behavior. XRD analysis (Fig. 4a) indicates that the scale formed on 


Fig. 2. XRD pattern (a), surface morphology (b) and cross-sectional morphologies (c) of 316LSS after oxidation at 750 °C in air for 200 h. 


316LSS after oxidation at 750 °C in pure water vapor for 200 h consisted 
of only Fe2CrO,. Fig. 4 shows the surface and cross-sectional morphol- 
ogies of 316LSS after oxidation at 750 °C in pure water vapor for 
200 h. In addition to a Fe,CrO, scale, large amount of Fe03-rich nodules 
formed on 316LSS (Fig. 4b and c). 316LSS suffered from a non-uniform 
attack. In the fast oxidation area, 316LSS formed a thick scale consisted 
of an outer Fe-rich oxide layer and a Fe2CrO, sublayer with a poor adhe- 
sion to the substrate, while in the other areas, only a Fe2CrO, layer 
formed (Fig. 4d and e). 

The breakaway oxidation of 316LSS clearly occurred as the genera- 
tion of nodules after exposure to 750 °C pure water vapor 200 h. The 
scale formed in the incubation oxidation stage was mainly composed 
of thin protective Cr-rich oxide layer. The water vapor would signifi- 
cantly accelerate the oxidation of 316LSS. The vaporization of chromia 
scale from a protective Cr-rich oxide to a less protective CrO2(OH)s 
has been proposed to explain the accelerated corrosion caused by 
water vapor [22-24]. As extending oxidation time, once the diffusion 
rate of Cr was insufficient to maintain an enough Cr concentration in 
the scale, the Cr-rich scale would lose re-healing ability. Then iron 
could diffuse easily outward to form non-protective nodules of Fe 
oxides. After that, the steel suffered from breakaway oxidation. 

As for the TizAIC coating after oxidation at 750 °C in pure water 
vapor for 200 h, the scale is mainly composed of rutile TiO}, AlsTiOs, 
Ti2AlC and TisAIC (Fig. 5a). As seen in Fig. 5b, some oxide whiskers 
were detected at the through-cracks within the as-prepared coating, 
but the surface appearance of the as-prepared coating was retained 
to a certain extent. The coating after oxidation in pure water vapor 
was almost homogenous and no obvious oxide scale could be observed 
(Fig. 5c and d). In addition, a Fe-rich diffusion layer was presented at 
the original coating/substrate interface, with an Al-rich diffusion layer 
beneath it. The thickness of Al-rich diffusion layer was about double of 
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Fig. 3. XRD pattern (a), surface morphology (b), cross-sectional morphologies (c general view and d amplified view of c) of the Ti,AIC coating after oxidation at 750 °C in air for 200 h, 


(e) the corresponding EDX line scanned along the black line in (d). 


the as-prepared coating. And no obvious Al-rich phase precipitation was 
observed in the diffusion layer. EDX analysis (Fig. 5e) indicates that Fe 
was enriched near the coating/substrate interface. Al was depleted 
near the coating/substrate interface, but enriched beneath interface. 
The scaling behavior of Ti2AlC coating in pure water vapor was 
different from the scale behavior in air. The oxygen partial pressure 
is lower in pure water vapor than in air. It is generally believed that 
the low oxygen partial pressure will promote the formation of more 
thermodynamically stable Al203 oxide scale. However, in the present 
study, the unreacted TizAIC phase still could be found and no distinct 
oxide scale formed on the TizAIC coating after oxidation in pure water 
vapor. In contrast, the bulk TizAIC exhibits a similar scaling behavior 
in wet air or pure water vapor as oxidation in dry air [8,9]. The genera- 
tion of hydrogen from the reactions between Ti2AIC and water vapor 


promotes oxygen vacancy formation [8]. The increase in oxygen vacancy 
concentration facilitated the inward diffusion of oxygen, so the inward 
diffusion of the oxygen ions was higher than the outward diffusion of 
metal ions. In this circumstance, the activity of dissolved oxygen at 
the oxidation front was sufficiently high to maintain the internal 
oxidation. Additionally, due to the high diffusion activity of Al atoms 
in the TizAIC phase than Ti atoms, the interdiffusion between the coat- 
ing and the substrate, especially, the Al inward diffusion would further 
promote the degradation of the coating and not favor the formation of 
the AlO; oxide scale. Meanwhile, large amount Fe from the substrate 
alloy diffused into the coating. So the Al and Ti solute concentration of 
the coating was also lower than that required for the formation of a con- 
tinuous scale. Then, the transition from internal to external oxidation 
could not occur, and no distinct oxide scale formed on the TizAIC coating 
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Fig. 4. XRD patterns (a), surface morphology (b), (c) and cross-sectional morphologies (d), (e) of 316LSS after oxidation at 750 °C in pure water vapor for 200 h. 


after oxidation in pure water vapor. However, the Ti,AIC coating could 
inhibit greatly the occurrence of breakaway oxidation of 316LSS 
substrate in pure water vapor. 

Based on the above discussion, the schematic for the mechanism of 
the observed oxidation scaling which occurs at the interface between 
TizAIC coatings and 316LSS substrate is presented in Fig. 6. A four- 
layered microstructure, a thick TiO2 and Al,03 mix oxide outer layer, 
followed by a thin a-(Al,Cr)203 sublayer, a thick Fe20, and TiO, mix 
oxide mid-layer and a thin Al203-rich oxide inner layer in sequence, 
formed on the Ti2AIC coatings in air (Fig. 6a). Whereas internal oxida- 
tion occurred, no distinct oxide scale formed in the TizAIC coating in 


pure water vapor (Fig. 6b). In any case, the Ti2AIC coating improves 
the oxidation resistance of 316LSS in both of air and pure water vapor. 


4. Conclusion 


The scaling behavior of TizAIC MAX phase coating at 750 °C in air and 
pure water vapor was investigated. 316LSS could develop a protective 
oxide scale in air, while suffered from breakaway oxidation in pure 
water vapor. In contrast, the TizAIC coatings could improve the oxida- 
tion resistance of 316LSS at certain content in both of air and pure 
water vapor. However, the oxidation resistance of the TizAIC coating is 
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Fig. 5. XRD pattern (a), surface morphology (b) and cross-sectional morphologies (c general view and d amplified view of c) of the Ti,AIC coating after oxidation at 750 °C in pure water 
vapor for 200 h, (e) the corresponding EDX line scanned along the black line in (d). 


inferior to its bulk counterpart. The through-cracks presented in the as- diffusion activity of Al in the Ti2AlC coating, the interdiffusion between 
prepared coating, which acted as a short-circuit diffusion path, the the coating and the substrate would further accelerate the degradation 
scaling ability of protective oxide could deteriorate. Due to the high of the Ti,AIC coating. In the future, the main concern for the TipAlC 
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Fig. 6. Schematic of microstructural evolution of Ti,AIC coating during oxidation (a) oxidation in high temperature dry air, (b) oxidation in water vapor. 
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coating is how to eliminate through-cracks in the as-prepared coating. 
Meanwhile, an appropriate diffusion barrier layer should be application 
at the Ti2AIC coating/substrate interface. 
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